This study examined the catecholaminergic and serotonergic innervation of the foregut of Aplysia californica, a model system in which the control of feeding behaviors can be investigated at the cellular level. Similar numbers (15-25) of serotonin-like-immunoreactive (5HTli) and tyrosine hydroxylase-like-immunoreactive (THli) fibers were present in each (bilateral) esophageal nerve (En), the major source of pregastric neural innervation in this system. The majority of En 5HTli and THli fibers originated from the anterior branch (En 2 ), which innervates the pharynx and the anterior esophagus. One system in which pregastric regulation of feeding can be examined in the context of well-defined neural circuits is the marine mollusc Aplysia californica (Kupfermann, 1974a,b) . Intensive study of molluscan feeding behavior and its neural control has contributed to our general understanding of motor system organization (for reviews see 
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Electrophysiological experiments were performed in normal artificial seawater (ASW) consisting of 460 mM NaCl, 10 mM KCl, 55 mM MgCl 2 , 11 mM CaCl 2 , and 10 mM HEPES. Fixation was achieved with a 4% paraformaldehyde solution containing 27% sucrose. Antibody incubations and washes were conducted in 80 mM phosphate buffer (PB: 24 mM KH 2 PO 4 , 56 mM Na 2 HPO 4 , pH 7.4) containing 2% Triton X-100 and 0.1% sodium azide (solution referred to below as PTA).
Nerve backfills
Ganglia were positioned with minutien pins near a small Vaseline well on the surface of a Sylgard-lined Petri dish. The esophageal nerve was cut, and one of its branches was drawn into the well. The ASW inside the well was withdrawn and replaced with a saturated aqueous solution (1.6 mg/30 l) of biocytin (Sigma Chemical, St. Louis, MO). The preparation was covered and incubated overnight at 14°C. The well was then removed, and the ganglia were washed three to five times, repinned, and fixed in paraformaldehyde. The fixed ganglia were transferred to microcentrifuge tubes, washed five times (30 minutes each) with PTA solution, and incubated overnight (room temperature, with shaking) in Alexa avidin 488 (Molecular Probes, Eugene, OR) diluted 1:2,000 in PTA (24 -48 hours, room temperature). The ganglia were then washed five times with PTA, and the quality of the backfill was assessed prior to further immunohistochemical processing. In the double-labeling experiments, immunolabeling was visualized with Alexa 546-conjugated second antibodies. Nerve fills toward the periphery were conducted by using the same methods.
mens spanning a range of developmental stages and exhibit some variance with respect to details concerning small or weakly staining cells. They collectively agree, however, on the presence of five strongly staining CA neurons (the paired B20 cells, the paired B65 cells, and one unpaired interneuron) in the Aplysia buccal ganglion, as observed in this study. Additional biochemical and pharmacological studies indicate that dopamine is the major catecholamine neurotransmitter in Aplysia and that DA mediates synaptic signaling by the neurons labeled with this antibody (Carpenter et . Intracellular recordings from the radula closer motor neuron B8a/b were used to determine the phase of radula closure. Ingestive-like programs were defined as those in which the ratio of the average firing frequency of B8 during protraction to its average firing frequency during retraction was less than 0.65. Egestive-like programs were defined as those in which the ratio of the average firing frequency during protraction to its average firing frequency during retraction was greater than 2.0. Programs that did not fulfill either criterion were classified as intermediate.
Data analysis
All results reported in this study were observed in a minimum of three specimens. Measurements are reported as the mean ؎ SD or SEM, as noted. Parametric (Student's t-test, two tailed) or nonparametric statistical tests were performed by comparing measurements obtained prior to drug application with those attained at the peak of the response. Multiple group tests were performed with ANOVA followed by TukeyKramer pairwise comparisons. A value of P < 0.05 was established as the criterion for significance.
RESULTS
The esophageal nerve of Aplysia californica bifurcates into two major branches near its emergence from the buccal gan- (Fig. 2) . Projections to En 1 were chiefly limited to a single cluster of large neurons (6.0 ؎ 1.5 cell bodies; n ‫؍‬ 4) on the caudal surface of the ipsilateral buccal hemiganglion ( Fig. 2A, Table 2 ). Neurons in this cluster, which includes the largest cell bodies in the ganglion (B1 and B2; Fig. 2A) , have been characterized previously as peptidergic motor neurons that promote gut motility (Lloyd et al., 1988) . Backfills of En 2 labeled a more numerous (42.3 ؎ 9.5 total cell bodies, n ‫؍‬ 4) and dispersed population of buccal neurons (Fig. 2B, Table 2 ). The cells projecting to En 2 were distributed across the rostral and caudal surfaces of both hemiganglia. In contrast to En 1 , the neurons labeled with En 2 backfills could not be readily identified as cells that were described in previous investigations.
Several central neurons within the buccal ganglion of Aplysia contain markers for catecholamines (Rathouz and Analogous experiments were conducted to determine the contribution of efferent axons to the serotonergic fibers in the En branches (Fig. 4) . Previous investigations showed that the buccal ganglion is devoid of serotonergic cell bodies but that it receives dense serotonergic innervation (Longley and Longley, 1986 (Fig. 4) . One markedly large-caliber serotonergic fiber was observed in the En (Fig. 4A1, arrow) . At the En bifurcation, this fiber turned sharply to enter the En 2 branch. Within the buccal ganglion, it could be traced back to the major site of MCC axon branching, near the junction of the cerebral-buccal connective (CBC) with the ganglion (Fig. 4A2, arrow) . When backfills of En 2 were combined with serotonin immunohistochemisty, a single, large double-labeled fiber was observed in the CBC (Fig. 4C1,2) . No additional CBC fibers were double labeled. Moreover, no CBC serotonergic CBC fibers were labeled when the En 1 branch was backfilled (not shown). Together, these findings indicate that the sole efferent serotonergic En fiber originates from the MCC and that this fiber projects only to En 2 .
The limited contributions of central projections to the aminergic fiber systems of the En led us to examine their possible role as afferents. Upon close inspection, many THli and 5HTli fibers could be observed to taper and ramify upon entry into the ganglion (Fig. 5) . They appeared to give rise to fine networks that terminated around the cell bodies of specific neurons and clusters within the ganglion. The densities of THli and 5HTli fibers within the buccal ganglion rendered it impossible to attribute specific regions of innervation to individual En afferents or to distinguish En projections from those originating from other sources. With both amines, however, the En appeared to be the predominant source of afferent input to the BG. No THli fibers were present in buccal nerves 1-3 or the radula nerve (see also Kabotyanski et al., 1998) . Although the sheath regions surrounding these nerves were richly innervated by fine, irregular 5HTli networks, very few 5HTli fibers could be detected passing longitudinally within the nerve cores (Fig. 5B) .
Results described thus far suggested a predominantly afferent function for the aminergic fiber systems of the esophageal nerve. Peripheral aminergic labeling was therefore examined to determine whether potential sources of THli and 5HTli En fibers could be identified. THli fiber systems were present throughout the pharynx and esophagus (Fig. 6) . All major En branches contained brightly staining fibers. In addition, small spherical or ellipsoid (20.2 ؎ 1.6 m length, 17.8 ؎ 1.4 m width; n ‫؍‬ 25) THli cell bodies were observed Fig.  6A-D) . Most of the THli somata were located close to major En branches, with some appearing to be embedded within or appended to the nerves. The majority of THli cells possessed a single prominent process that was oriented toward the closest nerve (Fig. 6A, arrowheads) .
The distribution of THli neurons did not appear to be constant throughout the length of the esophagus (compare Fig.  6A-D) . To quantify possible differences, the esophagus was divided into five sections along its length from the buccal mass to the triturating stomach. When the total numbers of THli cells in each segment were compared (n ‫؍‬ 4 specimens; The localization of serotonin-like immunoreactivity in the esophagus (Fig. 7) differed from that of TH. Most notable was a complete absence of 5HTli neuronal cell bodies (Fig. 7A,B) . The pharynx and the region surrounding the buccal ganglion were completely covered with a dense network of fine fibers (Fig. 7A) . More posterior regions of the crop contained large 
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patches of immunoreactive fibers (Fig. 7B) . The overall density of innervation within these patches was less than that in the pharynx. The fibers did not appear to ramify into fine terminals, and no varicosities were observed. The borders of the patches were very well defined and often gave the appearance of exact boundaries (Fig. 7B, arrows) . The 5HTli fiber patches did not appear to correspond to underlying tissue structures. Biocytin fills of the esophageal nerve toward the periphery were performed to identify foregut regions that may give rise to aminergic afferents. Examination of En 1 at a distance of approximately 1 cm along its course along the esophagus revealed no THli (Fig. 8A1) or 5HTli (Fig. 8A2) fibers within the nerve. When En 2 was examined in the region of the salivary gland, however, many THli (Fig. 8B1) and 5HTli (Fig. 8B2 ) fibers were present within the nerve. Occasionally, doublelabeled fibers could be detected in En 2 (arrowheads in Fig.  8B1,2) , indicating that fibers labeled with the biocytin contained the amines. Together, these observations indicated that aminergic projections to the CNS originate from foregut regions innervated by En 2 , including the pharynx and most anterior portions of the esophagus. These nerve-tracing experiments prompted a focused exploration of potential aminergic afferents within foregut regions innervated by En 2 . First, double-labeling experiments were performed to determine relations between THli and 5HTli in this region (Fig. 9A) . Although no serotonergic neurons were detected (see also Fig. 7) , numerous profiles were observed that were indicative of cell bodies enveloped by 5HTli varicose fibers (two indicated by arrows in Fig. 9A ; see also Goldstein et al., 1984) . In addition to its dense catecholaminergic innervation, the pharynx was also stippled with THli cell bodies (two indicated by arrowheads in Fig. 9A ). Serotonergic innervation of THli cell bodies was never detected (>30 THli cells examined in four double-labeled preparations).
The catecholaminergic and serotonergic innervations of the pharynx were further characterized in conjunction with biocytin fills of En 2 toward the periphery. Such experiments revealed double-labeled THli cell bodies in the region of the pharynx (Fig. 9B, eight observed in six preparations) . In the case of serotonin (Fig. 9C) , varicose fiber networks were sometimes observed surrounding cell bodies that were labeled by the fills (Fig. 9C) . Together, these findings indicate that THli peripheral cells contribute to afferent pathways orig- inating from En 2 . Although serotoninergic fibers do not appear to contribute directly to such afferent pathways, they may regulate activity originating from other classes (i.e., non-THlicontaining) of pharyngeal neurons that project to the CNS.
After we had established that the two major branches of the esophageal nerve differ with respect to their patterns of peripheral aminergic innervation, experiments were conducted to compare systematically the influence En 1 vs. En 2 on evoked motor programs (Fig. 10) 
DISCUSSION
This study contributes to our understanding of the aminergic innervation of the pregastric alimentary tract of Aplysia. Our findings disclosed several differences between the serotonergic and catecholaminergic patterns of foregut innervation. 1) Although no efferent CA projections could be attributed to central neurons, one serotonergic efferent projection originated from the MCC; 2) although no peripheral serotonergic cell bodies were observed, THli somata were abundantly distributed throughout the foregut; and, 3) although serotonergic fibers enveloped many peripheral somata, no peripheral THli cells were observed to receive serotonergic innervation. These experiments also revealed differences between the two major branches of the esophageal nerve. 1) Most THli and 5HTli fibers in the En were associated with the En 2 branch; 2) the serotonergic efferent fiber originating from the MCC projected exclusively to En 2 ; 3) THli afferents were detected only in En 2 ; and 4) the functional profile of buccal motor programs produced in response to stimulation of En 1 differed from that elicited by stimulation of En 2 .
Serotonin is a major regulator of gastrointestinal motility in vertebrates (Gershon and Tack 
Neuroregulation of the foregut: functional organization
The backfill and nerve stimulation experiments conducted in this study disclosed significant structural and functional differences between the two major esophageal nerve branches, En 1 and En 2 . In mammals, diverse preabsorbtive signals are thought to exert influence on the regulation of consummatory behaviors, ranging from enhancement of ingestion to development of satiation (Novin et al., 1976; Zeigler, 1994; Smith, 1998) The digestive system of Aplysia is richly innervated by a broad spectrum of neuroregulators that participate in both motor and sensory functions (Lloyd et al., 1988; Miller et al., 1991 Miller et al., , 1992 
Preabsorbtive signals and conditioning of feeding behaviors
Considerable interest has focused on esophageal nerve sensory signals in modifications of feeding behaviors that result from learning. In one conditioning paradigm, bilateral lesion of the En was found to attenuate the ability of Aplysia to cease responding to inedible food Susswein, 1984, 1986) . En 2 lesions were also found to impair learning in a classical conditioning protocol in which food was used as an unconditioned stimulus (US; Lechner et al., 2000) . Such experiments led to the identification of En 2 as a pathway that is both necessary and sufficient for transmission of US information in both classical and instrumental conditioning of feeding responses (Nargeot et The efficacy of En 2 stimulation as contingent reinforcement in a neuronal analogue of operant conditioning (Nargeot et al., 1997) led to an investigation of dopaminergic signaling in this pathway (Nargeot et al., 1999) . In specific buccal neurons, En 2 stimulation was shown to produce direct PSPs that were blocked by the dopamine antagonist methylergonovine. Importantly, these synaptic potentials were significantly reduced by a concentration of methylergonovine (1 nM) that also blocked the efficacy of En 2 stimulation as a US. The demonstration of dopaminergic afferents projecting to the buccal ganglion via the En 2 further supports the hypothesis that DA conveys the natural US in the operant conditioning of Aplysia feeding.
In summary, our findings indicate that dopamine (directly) and serotonin (indirectly) participate in feedback projections from the anterior alimentary tract to the feeding CPG of Aplysia. For action patterns that possess motivational or goaldirected determinants, such feedback could contribute to computing the value, or incentive salience, that is assigned to a particular stimulus (Berridge and Robinson, 1998; Alcaro et al., 2007) . It can also participate in the comparative evaluation of actual vs. expected consequences of an organism's motor actions (Schultz, 1998; Schultz and Dickinson, 2000) . Plasticity in the feeding motor network of Aplysia possesses a history dependence that exhibits features of intentions and expectation in higher organisms (Proekt et al, 2004) . The presence of dopaminergic afferents on the pharynx and anterior esophagus is highly consistent with a system that provides feedback to the feeding CPG concerning the effectiveness of ingestive or egestive actions. In this respect, dopaminergic systems of molluscs may share critical functional attributes with their counterparts in vertebrate brains; i.e., they may provide information to central motor networks concerning the consequences of the actions that they generate.
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